Genetic parameters for reproductive traits in female Nile tilapia were estimated in this study using Bayesian inference method. The data set presented information from 451 Nile tilapia females that were evaluated at two different places in Maringá -Paraná -Brazil (hapas of 1 and 10 m³) and at one location in Alfenas -Minas Gerais -Brazil. A spawning examination was conducted once a week from October 2012 to March 2013 for a total of 23 weeks of evaluation. Single-trait analyses for spawning success, multiple spawning, spawning frequency, and volume of eggs/female were performed by using the software MTGSAM Threshold. The heritability estimates were 0.14, 0.16, 0.53, and 0.08 for spawning success, multiple spawning, spawning frequency and volume of eggs/female, respectively, indicating it is possible to achieve a substantial genetic gain using these reproductive traits as selection criteria.
INTRODUCTION
The identification of growth traits related to the objective of selection is widely studied in aquaculture species (Quinton et al. 2005 , Trọng et al. 2013a , Yoshida et al. 2013a . Harvest weight has been the main trait of interest in Nile tilapia with genetic gains ranging from 10% to 15% per generation (Ponzoni et al. 2011 , Thodesen et al. 2011 . In addition, several traits, including fillet yield (Rye et al. 2011 , Turra et al. 2012 , survival rate (Santos et al. 2011 ), resistance to low water temperatures (Charo-Karisa et al. 2005) , and body shape (Trọng et al. 2013a , Oliveira et al. 2016 , were studied as the objective of selection in the genetic improvement programs for this particular species.
In Nile tilapia, optimization of hatchery efficiency is significant if production is to be maximized and maintained. However, the reproduction of this species is characterized by early maturity, low fecundity, and the asynchronous nature of tilapia spawning cycles of individual broodstock. Moreover, for optimizing seed production under farm condition, hatchery operators have tended to increase the number of broodfish (Jalabert and Zohar 1982, Coward and Bromage 2000) . Furthermore, large variation in reproductive performance (Hamzah et al. 2014) , diversity of environmental conditions (Duponchelle et al. 2000 , Yoshida et al. 2015 , nested mating (Trọng et al. 2013b) , sex ratio (Barman and Little 2006, Tsadik and Bart 2007) , and unwanted correlated responses in reproduction when selecting for growth (Trọng et al. 2013b ) might result in a prolonged period to produce the desired number of families (~50) to be used in tilapia breeding programs (Ponzoni et al. 2011 , Bentsen et al. 2012 . Given these hypotheses and taking into account the possibility of listing new traits as the selection criteria, some studies have been conducted to estimate genetic parameters for different reproductive traits (Trọng et al. 2013a , c, Hamzah et al. 2014 .
In the Brazilian Nile tilapia breeding program established in Maringá, the objective of selection is growth rate, and the selection criterion used is daily weight (Yoshida et al. 2013b , Neto et al. 2014 ). However, given the possible negative impact on reproductive traits, the objective of the present study was to verify the extent of genetic variation in reproductive traits of Nile tilapia, which aimed to include them as the selection criteria in the existing breeding program.
MATERIALS AND METHODS
The data used in the present study were obtained from 451 female Nile tilapia representing 15, 27, and 19 families during the breeding seasons in 2009/10, 2010/11, and 2011/12, respectively. The breeding structure of the genetic improvement program for Nile tilapia consisted of 180 hapas, which allocated 120 for females and 60 for males. During the three breeding seasons, the animals were kept in individual hapas with a volume of 1 m 3 in an earthen pond of 360 m 2 and an average depth of 1.0 m, and stored in a greenhouse located at the Fish Culture Experiment Station of the Universidade Estadual de Maringá (UEM-CODAPAR) in the Floriano District, Maringá, Paraná, Brazil (23°31′25″ S, 52°03′12″ W). Nested mating was conducted in a 2 females:1 male ratio, and spawning was verified twice a week. When spawning was observed, the male was removed from the female hapa, and the larvae were kept with their mothers until the end of the breeding season (up to 3 months), thus creating a common nursery environmental effect.
At the end of the reproduction period, 100 fingerlings from each family were divided into two equal groups, and they were transferred to a nursery structure and kept in 1 m 3 hapa in an earthen pond until reaching an average weight of 10 g. Thereafter, individual identification was performed for 50 animals of each family through passive integrated transponder tag. After one week, the animals were transferred into a cropping farm in fish rearing tanks located in Diamante do Norte, Paraná, Brazil (22°39′21″ S, 52°51′36″ W) and were evaluated for ~7 months. Two cages measuring 6 m 3 (2 × 2 × 1.5 m) remained, with the same density in both tanks, the number of animals/family was divided equally between each of the two tank networks. Measurements were carried out monthly to collect morphometric information and sex of animals. The families were evaluated at the end of the growing season, and the best were then selected. Daily weight gain (weight/age) was used as the selection criteria consisting of a group of animals that were to be used for reproductive assessment. In the animal model, the random effects of the common hatchery and nursery environmental conditions, as well as the fixed effects of sex and the cages in which the animals were evaluated, were considered (Oliveira et al. 2016) .
This process was conducted during the breeding seasons in 2009/10 and 2010/11, when 100% of broodstock was replaced (discrete generation), in 2011/12, the same broodstock was also used to generate the animals that were evaluated in the present study. Therefore, the offspring produced The animals were fed in three locations with a specific commercial extruded feed for Nile tilapia breeding, the amount of feed corresponded to 1% of body weight and was given once daily in the morning immediately after the collection of samples. The fed diet comprised a minimum of 38% crude protein, 3,400 kcal/kg digestible energy, 10% ether extract, 1% phosphorus, 500 mg/kg vitamin C, and a maximum of 2% calcium. The average water temperatures were 29.60, 31.50, and 27.80 °C for places 1, 2, and 3, respectively.
The evaluation period lasted for 23 weeks and was conducted from October 2012 to March 2013. Reproductive data were collected weekly by restricting the broodstock to a small area in the hapa, then, the animals were captured and checked for individual spawning. All females were checked for the presence of eggs in the mouth, when eggs were detected, the mouth was washed to remove the eggs, and the number of the microchip corresponding to that female who spawned was recorded.
The following traits were investigated and measured at all three places: spawning success (presence or absence of spawning), multiple spawning (females with more than one spawning), and spawning frequency (number of spawning/ female during the evaluation period).
In addition, data with regard to the volume of eggs were collected at places 1 and 2. When spawning was observed upon inspection, the mouth was washed, and the total volume of eggs produced by each female was measured with a 100-ml graduated cylinder and a precision scale.
Single-trait analyses were conducted for spawning success, multiple spawning, spawning frequency, and volume of eggs through Bayesian inference and via Gibbs sampling, which uses the Monte Carlo Markov chain method (Mora et al. 2008) . Statistical analyses were performed using the MTGSAM Threshold (Multiple Trait Gibbs Sampler for Animal Models) software (Van Tassel et al. 1998) . The model included age as linear covariable, sex, and location as fixed effect. The fixed and random effects are considered random in the Bayesian analysis. A noninformative flat prior was assumed for variance components.
Spawning success and multiple spawning were established as threshold traits, where 1 was used for success (spawning occurrence and multiple spawning occurrence) and 0 if otherwise. Spawning frequency and volume of eggs were considered as continuous traits, and in MTGSAM Threshold, they were considered as 0 (using linear model) for these traits.
For volume of eggs, the phenotypes of 183 females and information of 679 animals were used to estimate genetic parameters. The following animal model was used for the evaluation of the volume of eggs: + , where the assumptions of the model were as follows: y is the vector of observations of the characteristic volume of eggs, β is the vector of the systematic environmental effects (age, spawning frequency, and place), a, c, and e are the vectors of the additive genetic effects, permanent environmental effects, and residual random effects, respectively. The matrices X, Z 1 , and Z 2 are related to the incidence of the systematic environmental effects, additive genetic effects, and permanent environmental effects, respectively.
The assumptions for variance components w e r e t h a t are the components of the additive genetic direct effects, permanent environmental effects, and residual effects, respectively, A is the pedigree relationship matrix, I is the identity matrix of order equal to the number of animals with observations, R is the residual covariance matrix.
For spawning success, multiple spawning, and spawning frequency, the data were obtained from 451 female Nile tilapia, and the permanent environmental effect was excluded from the animal model.
In the threshold model, it was assumed that the underlying continuous scale (liability) follows a normal distribution and is represented as: For all traits studied, 100,000 samples were obtained from chains of 1,100,000 cycles, and the first 100,000 cycles were removed. For all chains, the thinning interval was 10 rounds. The convergence analysis of the generated chains was performed as the Heidelberger and Welch criterion as described by Cowles et al. (1995) using the CODA library (Convergence Diagnosis and Output Analysis) implemented in the R program (version 2.15.2). For genetic parameters, an estimated credibility interval of 95% was considered.
The estimated repeatability value was obtained from the samples a posteriori of the variance components, single-trait analyses of the characteristic volume of eggs were generated by using the following expression: ( ) Spearman correlation values between genetic values of all animals predicted in the singletrait analyses for the traits of spawning success, multiple spawning and spawning frequency were estimated using the PROC CORR of SAS system for Windows® (version 9.0). In addition, the coincidence percentage of the best ten families was calculated for all traits except for the volume of eggs. These analyses were conducted to identify whether the animals and their families would be selected as the best for two traits.
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RESULTS
There was an indication of convergence for all chains generated. The reduced contribution of the additive genetic variance and the wide effect of the residual variance in the total variance were observed for spawning success and multiple spawning, which resulted in the heritability estimates of 0.142 and 0.165, respectively. An opposite behavior was observed for spawning frequency, wherein the additive genetic effects accounted for more than 50% of the animal's phenotype. The medians were very close to the means, which show symmetric values, indicating convergence of analysis and consistency of samples (Table I ).
The volume of egg due to the additive genetic effects (3.30) was lower than the contribution of the permanent environmental effects (11.41), and the heritability estimate (0.08) was greater than the contribution of the systematic mean environmental effects (0.28). The magnitude of repeatability (0.36) indicates the need for a better recording system on this trait, which could reduce the phenotypic variation (Table II) .
In places 1 and 3, most of the families that ranked as the best for spawning success were also the best for multiple spawning and spawning frequency, with an 80% coincidence percentage in both places (Table III) . In place 2, a lower coincidence percentage, ranging from 40% to 70%, was observed between spawning success and multiple spawning, and between spawning success and spawning frequency, respectively. Overall, there was a strong association of genetic values between reproductive traits, with Spearman correlation values greater than 0.71, with an exception for the correlation between spawning success and multiple spawning in place 2, which presented a correlation of 0.60. This result might be due to the greater number of families used, so the greatest genetic variability might have caused changes to family classification for the traits studied.
DISCUSSION
With regard to genetic improvement of aquaculture species, only a few studies have estimated the genetic effects for reproductive traits, with a limited number of studies evaluating Nile tilapia. In general, some studies have found a moderate heritability estimate for reproductive traits. In studies with Pacific salmon (Oncorhynchus kisutch), Gall and Neira (2004) found the heritability estimates ranging from 0.24 to 0.33 for the interval of spawning between breeding and salmon length at spawning, respectively. In a study with rainbow trout (Oncorhynchus mykiss) performed by Su et al. (1997) , the heritability estimate for weight at spawning was low (0.09).
In the present study, the heritability estimates for spawning success and multiple spawning ranged from 0.14 to 0.16, respectively. Those values were close to the heritability traits already used in the selection criteria, such as body weight and harvest weight (Santos et al. 2011 , Trọng et al. 2013a , Yoshida et al. 2013b ). The heritability estimates of 0.18 and 0.57 were obtained for gonad weight (Charo-Karisa et al. 2007 ) and sexual maturity stage (Kronert et al. 1989 , Oldorf et al. 1989 , respectively.
Studying the hypothesis of selection for growth, result in a prolonged period needed to obtain families for the genetic improvement program of Nile tilapia, Trọng et al. (2013b) obtained the heritability estimates for spawning success ranging σ ), heritability (h²), permanent environmental effect (c²), repeatability (t), standard deviation (SD) and credibility interval (CI). from 0.02 to 0.14 for 12 and 20 days of evaluation, respectively, thus coinciding with the heritability estimate of 0.14 that was observed in the present study.
Phenotypes for spawning and multiple spawning were not good indicators of the genetic merit of female Nile tilapia. Moderate heritability estimates indicate large variation due to the environmental effects. However, the heritability estimate for spawning frequency was 0.53, which implied that the phenotype was a good indicator of the individual's genotype and allowed the use of this trait as a selection criterion. The identification of the groups of females with the highest number of spawning can be a practical alternative to improve female reproductive performance by keeping only these animals with a higher spawning frequency. Another alternative would be the indirect selection for reproductive traits using the growth traits, taking into account that some studies have shown a positive genetic correlation between the harvest weight with traits such as spawning success (0.52) and egg numbers (0.51) (Trọng et al. 2013a, c) .
In this dataset specifically, the effects of the common hatchery (housing animals with their mothers from spawning until the end of the breeding season) and nursery environmental conditions (distribution of family representatives in hapas in different places in the tanks) were neglected, because preliminary analyses indicated a low participation of such effects, mainly due to the effect of distancing itself from the measurement of traits. Rutten et al. (2005) , Charo-Karisa et al. (2006), and Yoshida et al. (2013b) suggested that the common family environmental conditions tend to decrease with advancing age.
In the present study, the heritability estimate to volume of eggs was 0.08, which was lower than 0.30 reported by Gall and Huang (1988) in rainbow trout. When considering estimates using the REML procedure, Su et al. (1997) observed that 55% of the variation in the volume of eggs was due the genetic effects in rainbow trout. The discrepancy in the results might be explained by the fact that rainbow trout are characterized by synchronous spawning, in other words, rainbow trout have an annual spawning period during which all oocytes are released at once. This differs from Nile tilapia, which is characterized by asynchronous spawning. Spawning in tilapia might occur in intervals of less than 21 days (Ridha 2010), and according to Tsadik (2008) , an increased frequency in spawning resulted in a reduction of the number of eggs/spawning, which makes the spawning frequency a source of variation for the volume of eggs produced.
Estimates of genetic parameters for fertility traits in Nile tilapia were obtained by Trọng et al. (2013c) , and the heritability estimates ranged between 0.05 and 0.08, similar to the values found for the volume of eggs in the present study. The higher variation could be results of environmental factors and the reduced amount of data collected for the volume of eggs, justify the low heritability estimate in our study. Hamzah et al. (2014) found that the heritability estimate for the number of eggs in Nile tilapia was equal to 0.20, which indicated that although the measurement of this trait might be costly, its use could promote great genetic progress.
To our knowledge, only few studies have assessed the repeatability of traits related to fish reproduction. Trọng et al. (2013a) observed a low repeatability value (0.04 to 0.17) for spawning success in Nile tilapia. For fertility traits, Trọng et al. (2013c) found a maximum repeatability value of 0.17. The repeatability expresses the proportion of variation due to the permanent environmental effects and genetic differences between individuals, it also establishes the upper limit of the heritability estimate for the volume of eggs (Falconer and Mackay 1996) . Thus, the heritability estimate of 0.08 and the repeatability value of 0.36 for the volume of eggs indicate GRAZYELLA M. YOSHIDA et al. that an increase in data from the same individual for this parameter will reduce the variance of the systematic environmental effects. The consequent reduction of the phenotypic variance will increase accuracy, which gives a maximum heritability estimate of 0.36 (Pereira 2008) .
The Spearman correlation values indicated a small change in the rank among spawning success, multiple spawning, and spawning frequency, which demonstrate that there might be a correlated response when using one of these traits as the selection criteria. The greater change of rank was observed in place 2 for spawning success and multiple spawning (0.60). This result might be a consequence of the low number of females that presented multiple spawning. The high coincidence percentage among the top ten families can be significant in practice, because they would facilitate the selection of families to be transferred for the productive sector, taking into account that families will have good answers to the three characteristics that were selected.
The large genetic variation for reproductives traits in Nile tilapia is an indicative of the potential genetic improvement for these traits. Despite the fact that reproductive traits are determined by multiple genes (Puppin et al. 1991) , the results obtained in the present study suggested that the additive genetic effects can be exploited by selecting the best individuals.
